ABSTRACT
INTRODUCTION
To defend themselves against herbivorous insects, plants employ both direct and indirect defences (Karban & Baldwin 1997; Dicke 1999) . Direct defence mechanisms directly affect the herbivore, for example, by a negative impact on the physiology of the herbivore through toxic or anti-nutritional compounds, or by interfering with the behaviour of the herbivore through repellents or deterrents (Karban & Baldwin 1997) . Indirect defence mechanisms promote the effectiveness of natural enemies of the herbivore, either predators or parasitoids. One way of promoting the effectiveness of natural enemies is by producing volatiles in response to herbivory that can attract predators or parasitoids. This kind of tritrophic interaction has been shown for many plant species, belonging to at least 12 plant families, in combination with a diverse range of herbivore and natural enemy species (Dicke 1999; Dicke, Van Poecke & De Boer 2003) .
Many of the defence mechanisms are induced upon infestation with pathogens or herbivores, including the emission of volatiles. Such inducibility requires signal processing in the plant and many different signalling compounds have been identified. Plant hormones such as salicylic acid (SA), jasmonic acid (JA) and 12-oxo-phytodienoic acid (OPDA), and ethylene are especially important in induced plant defences (Karban & Baldwin 1997; Glazebrook 2001; Stintzi et al . 2001; . The signal transduction pathways involved in the induced responses of a plant to wounding, herbivory and pathogen infection often overlap. Jasmonic acid, for example, is involved in inducible defences against pathogens, wound-induced responses, and inducible defences against insects -including herbivory-induced volatile production (Pieterse et al . 2001b; Berger 2002; Thaler et al . 2002) . Likewise, salicylic acid is involved in the production of herbivory-induced volatiles and inducible defences against pathogens (Ozawa et al . 2000; Dong 2001; .
Although the signal transduction pathways often overlap, the induced responses of a plant to wounding, herbivory and pathogen infection are often quite different. For example, in Arabidopsis wounding results in the induced expression of many genes that are also induced by caterpillar feeding. Moreover, wounding also induced the expression of many water-stress-inducible genes that are not induced by caterpillar feeding (Reymond et al . 2000 ). The differences between caterpillar feeding and wounding can be explained by the presence of elicitors in the regurgitant of the caterpillar. For example, caterpillar-feeding or treatment of artificially damaged plants with caterpillar regurgitant induces higher levels of JA in tobacco or phenolics in birch and causes a more rapid induction of HMG (3-hydroxy-3-methylglutaryl-coenzyme A reductase) and PIN2 (proteinase inhibitor 2) gene-expression in potato in comparison with mechanically damaged plants (Hartley & Lawton 1991; Korth & Dixon 1997; McCloud & Baldwin 1997) . Similar results were obtained with respect to herbivory-induced volatile production. Although artificial damage often results in increased volatile production and may lead to parasitoid attraction, herbivory or treatment with caterpillar regurgitant results in the emission of a quantitatively and/or qualitatively different volatile blend that is emitted for a longer period after termination of the treatment compared to wounding. These herbivoreinfested or regurgitant-treated plants are more attractive to parasitoids than undamaged or mechanically damaged plants (Turlings, Tumlinson & Lewis 1990; Steinberg, Dicke & Vet 1993; Mattiacci, Dicke & Posthumus 1994; Takabayashi et al . 1995) . Several elicitors have been isolated from caterpillar regurgitant: b -glucosidase from Pieris brassicae regurgitant and fatty acid-amino acid conjugates from Spodoptera exigua (volicitin), Manduca sexta and Manduca quinquemaculata . Treatment of plants with regurgitantderived elicitors results in an emission of volatiles and an increase in JA levels that is comparable with plants treated with regurgitant (Mattiacci, Dicke & Posthumus 1995; Alborn et al . 1997; Halitschke et al . 2001) .
The role of JA and SA in defence responses to herbivory is well established, but knowledge of signalling events downstream of JA and SA in the defence responses to herbivory is very limited. Studies on other defence responses have demonstrated that an important factor acting downstream of JA in several defence responses is JAR1. Several JA-dependent responses are negatively affected in jar1 mutant plants. Examples are induced systemic resistance (ISR) against pathogens induced by non-pathogenic rhizobacteria, resistance against the soil fungus Pythium irregulare and ozone-induced cell death (Staswick, Yuen & Lehman 1998; Rao et al . 2000; Pieterse et al . 2001b) . Another factor that acts downstream of JA in ISR is NPR1, as mutant npr1 plants do not express ISR (Pieterse et al . 2001b) . These npr1 mutants are also impaired in SAdependent systemic acquired resistance (SAR) induced by biotrophic pathogens, demonstrating an important role for NPR1 in signalling downstream of SA in SAR (Dong 2001 
MATERIALS AND METHODS

Plants
Arabidopsis thaliana ecotype Columbia (Col-0), the mutant jar1-1 line ( Arabidopsis thaliana ecotype Col-0 mutant with a decreased sensitivity to methyl jasmonate; Staswick, Su & Howell 1992 ) and the mutant npr1-1 line ( Arabidopsis thaliana ecotype Col-0 mutant with no expression of pathogenicity related PR-genes; Cao et al . 1994) were grown from seed (kindly provided by NASC) in a greenhouse (20-30 ∞ C, 50-70% reelative humidity, 8 h : 16 h light : dark). A few days prior to the experiments, 8-to 10-week-old-plants were transferred to a climate room (23 ± 1 ∞ C, 50-70% relative humidity, 10 kLux, 8 h : 16 h light : dark). All plants used were in the vegetative state.
Insects
Pieris rapae was reared on Brussels sprouts plants ( Brassica oleracea gemmifera cv. Icarus) in a climate room (21 ± 1 ∞ C, 50-70% relative humidity, 16 h : 8 h light : dark).
The parasitoid Cotesia rubecula was reared on P. rapae larvae feeding on Brussels sprouts plants, under greenhouse conditions (25 ± 5 ∞ C, 50-70% relative humidity, 16 h : 8 h light : dark). For bioassays, C. rubecula pupae were collected and transferred to a gauze cage in a climate room (23 ± 1 ∞ C, 50-70% relative humidity, 16 h : 8 h light : dark). The emerging wasps were provided with water and honey. These adult wasps, that did not have contact with plant material or caterpillars (no oviposition experience), are referred to as 'naive' wasps.
Plant treatments
Caterpillar-infested plants were obtained by placing five ( jar1-1 and npr1-1 experiments) or 20 (regurgitant experiment) first instar P. rapae larvae on each plant. The larvae had fed for 24 h on the plants before these plants were used in experiments.
Artificially damaged plants were obtained by rubbing 10 leaves with carborundum powder no. 180 (Cats Import, Hoogvliet, The Netherlands) on a moist cotton pad, 24 h before an experiment. Regurgitant-treated plants were obtained by pipetting 1 m L caterpillar regurgitant on each artificially damaged leaf from an artificially damaged plant immediately after damaging the leaf with carborundum powder. This resulted in the use of 10 m L regurgitant per plant, and as eight plants were used per odour source in the bioassay, 80 m L regurgitant per odour source, which is comparable with the amount of regurgitant used by Mattiacci et al . (1994) . Regurgitant was collected as described by Mattiacci et al . (1994) from fifth instar Pieris brassicae larvae, which was easier to collect in comparison with regurgitant from P. rapae . Feeding by P. brassicae induces a highly similar volatile production by plants and leads to the same attraction of C. rubecula compared with P. rapae feeding in all plants species tested so far (Blaakmeer et al . 1994; Geervliet, Vet & Dicke 1996; Geervliet et al . 1997) .
Undamaged (control) plants did not receive any treatment but were of the same age and size as the treated plants and were transferred to the climate room at the same time.
Bioassay
Parasitoid two-choice flight experiments were conducted in a wind tunnel set-up (25 ± 5 ∞ C, 50-70% relative humidity, 0.7 kLux) described by Geervliet, Vet & Dicke (1994) , which was modified according to Van Poecke et al . (2001) .
For the flight experiments, two odour sources were placed at the upwind end of the wind tunnel. Each odour source consisted of eight Arabidopsis plants, all having received the same treatment. One day before a bioassay, 4-to 7-day-old, naive C. rubecula wasps were sexed and the males removed. Just prior to the bioassay, an individual female wasp was placed on a microscope slide with one leaf from a P. rapae -damaged wild-type Arabidopsis , from which the caterpillars had been removed. The slide, with wasp and leaf, was transported to the middle of the release cylinder in the wind tunnel, which was 60 cm downwind of the odour sources.
The flight behaviour of individual wasps was observed. Only flights that resulted in the first landing on one of the odour sources were recorded as 'choice'. Landings on other parts of the wind tunnel besides the release cylinder or odour sources were recorded as 'no choice'. If the wasp remained in/on the release cylinder for longer than 15 min this was also recorded as 'no choice'. After a 'choice' or 'no choice' the wasp was discarded.
In all experiments, three odour sources were compared in three pairwise comparisons on each experimental day. Per pairwise comparison of odour sources, positions were changed from left to right and vice versa, to compensate for unforeseen asymmetric effects. These experiments were repeated on several days with 6-10 wasps per pairwise comparison per day.
Choices between two odour sources in the bioassays were statistically analysed using the binomial test. Differences among the percentages of wasps making a choice (responsiveness) were tested using a contingency table test on the absolute numbers.
RESULTS
Regurgitant treatment induces C. rubecula attraction
To test whether herbivore-derived elicitors are involved in herbivory-induced attraction of C. rubecula by Arabidopsis , we compared mechanically damaged, regurgitant-treated and P. rapae -infested plants in a two-choice wind tunnel test. Pieris rapae-infested wild-type Arabidopsis attracted more C. rubecula parasitoid wasps than artificially damaged plants (binomial test, P < 0.001; Fig. 1 ). Artificially damaged plants treated with regurgitant also attracted more wasps than plants that were only artificially damaged (binomial test, P = 0.033; Fig. 1 ). When P. rapae-infested plants were compared with regurgitant-treated plants, more wasps landed on P. rapae -infested plants, but this was not significant (binomial test, P = 0.134; Fig. 1 ). The number of wasps of Arabidopsis on the response of C. rubecula in a two choice set-up. Naive C. rubecula females were given a choice between P. rapae -infested and artificially damaged plants, regurgitant-treated and artificially damaged plants, and P. rapae -infested and regurgitant-treated plants. The left part of the figure shows the percentage of wasps that did not land on either of the two odour sources. Asterisks indicate a significant difference within a choice test: *** P < 0.001, * P < 0.05 (binomial test); 'a' indicates no significant difference in the number of wasps that did not land on either of the two odour sources (contingency Pieris rapae-infested jar1-1 mutants are equally as attractive as P. rapae-infested wild-type plants
To test whether signal transduction in herbivory-induced attraction of C. rubecula requires an intact JAR1 locus, we compared P. rapae-infested jar1-1 mutant plants with P. rapae-infested wild-type plants. Both P. rapae-infested wild type and jar1-1 plants are more attractive in comparison with undamaged jar1-1 plants (binomial test, P < 0.001 for both comparisons; Fig. 2 ). This demonstrates that P. rapae damage can still induce parasitoid attraction in jar1-1 mutants. Moreover, C. rubecula females did not prefer P. rapae-infested wild type over P. rapae-infested jar1-1 plants (binomial test, P = 0.32; Fig. 2 ). The number of wasps not making a choice was not different between the three comparisons (contingency table test, P = 0.19).
Pieris rapae-infested npr1-1 mutants are equally as attractive as P. rapae-infested wild-type plants
To test whether signal transduction in herbivory-induced attraction of C. rubecula requires an intact NPR1 protein, we compared P. rapae-infested npr1-1 mutants with P. rapae-infested wild-type plants. Both P. rapae-infested wild-type and npr1-1 plants are more attractive than undamaged npr1-1 plants (binomial test, P = 0.012 and P < 0.001, respectively; Fig. 2 ). This demonstrates that P. rapae damage can still induce parasitoid attraction in npr1-1 mutants. Moreover, C. rubecula females did not prefer P. rapae-infested wild type over P. rapae-infested npr1-1 plants (binomial test, P = 0.50; Fig. 2 ). The number of wasps not making a choice was not different between the three comparisons (contingency table, P = 0.30). Stintzi et al. 2001) . Similar to wounding, herbivory by chewing insects induces JA levels and subsequent expression of defence genes (Karban & Baldwin 1997) . Moreover, plants that are disabled in the octadecanoid pathway are more susceptible to herbivory (Howe et al. 1996; McConn et al. 1997) . However, not all responses to wounding and herbivory are similar. This is probably due to the presence of herbivore-derived elicitors. Indeed, several of these elicitors have been found in the regurgitant of caterpillars (Mattiacci et al. 1995; Alborn et al. 1997; Halitschke et al. 2001) .
DISCUSSION
In a previous paper, we have demonstrated that herbivory by P. rapae and mechanical damage (wounding) induce the emission of different blends of volatiles by Arabidopsis. Females of the parasitoid species C. rubecula preferred P. rapae-infested over mechanically damaged plants (Van Poecke et al. 2001) . Although this indicates that the response of Arabidopsis with respect to volatile emissions differs between herbivory and wounding, no decisive conclusion could be drawn, as it is very difficult to mimic the mechanical part of herbivore damage (Baldwin 1990 ). Here we demonstrate that treatment of mechanically damaged rapae-infested wild-type and jar1-1 plants. Naive C. rubecula females were given a choice between P. rapae-infested wildtype and undamaged jar1-1 plants, P. rapae-infested jar1-1 and undamaged jar1-1 plants, and P. rapae-infested wild-type and P. rapae-infested jar1-1 plants. The left part of the figure shows the percentage of wasps that did not land on either of the two odour sources. Asterisks indicate a significant difference within a choice test: ***P < 0.001 (binomial test); 'a' indicates no significant difference in the number of wasps that did not land on either of the two odour sources (contingency table  test) . a a a n = 50
Arabidopsis with regurgitant results in the same attraction of C. rubecula as herbivore-infested plants, a strong indication that herbivore-derived elicitors are involved in this induced attraction (Fig. 1) . These results also indicate that in Arabidopsis there are differences between signalling in wound responses and responses to herbivory. As similar differences have been found in other plant species (Turlings et al. 1990; Steinberg et al. 1993; Mattiacci et al. 1994; Takabayashi et al. 1995) , this implies that Arabidopsis can function as a suitable model in studies on signal transduction in indirect defence.
Because of our interest in herbivory-induced volatile emission, we have chosen to compare this response in wildtype and jar1-1 and npr1-1 genotypes. We know that the induction of volatile emission in Arabidopsis by herbivory involves both the octadecanoid and salicylic acid pathway. Treatment of plants with JA induces both volatile emissions and parasitoid attraction and plants that do not accumulate SA emitted a different volatile blend upon herbivory and are less attractive to parasitoids compared to wild-type plants ( Van Poecke 2002; ). The jar1-1 mutant is less sensitive to JA with respect to JAinduced inhibition of root growth (Staswick et al. 1992) . This JA signalling mutant showed reduced induction of VSP genes that are wound-, herbivory-, and JA-inducible (Berger, Bell & Mullet 1996; Berger, Mitchell-Olds & Stotz 2002) , was more susceptible to the fungus Pythium irregulare in comparison with wild-type plants (Staswick et al. 1998) , and does not show ISR (Pieterse et al. 1998) . The JAR1 gene was recently characterized, demonstrating that JAR1 acts as an adenylate-forming enzyme with a substrate specificity for JA (Staswick, Tiryaki & Rowe 2002) . How adenylation influences JA-responses remains to be elucidated. However, P. rapae-infested jar1-1 mutants showed normal attraction of C. rubecula (Fig. 2) , which demonstrates that adenylation of JA is not required for herbivoryinduced production of parasitoid attracting volatiles by Arabidopsis. Such a JAR1-independent, JA-dependent response is not an exception. Other studies have shown that JAR1 is not required for all JA-dependent responses. For example, although not as strong as in wild-type plants, VSP gene expression is still induced in jar1-1, and jar1-1 plants are not male-sterile in contrast to other JA-signalling or JAproducing mutants, such as coi1 and a fad-triple mutant (McConn & Browse 1996; Creelman 1998; Staswick et al. 1998) .
Another factor that is involved in important JAdependent and SA-dependent defense responses is NPR1. Mutant npr1 plants do not show ISR or SAR and SARrelated genes are not induced by biotrophic pathogens in these plants (Cao et al. 1994; Pieterse et al. 1998) . NPR1 is involved in protein-protein interactions, influencing the activity of a subgroup of the TGA transcription factor family. These transcription factors bind to SA-inducible promoter elements found for example in the SAR marker gene PR1. NPR1 is required for the binding of these transcription factors to such promoter elements, which is disrupted in npr1 mutants (Després et al. 2000; Zhou et al. 2000; Fan & Dong 2002) . Induction of gene-expression is likely to be required for herbivory-induced emission of parasitoidattracting volatiles. First of all genes involved in volatile production such as AtTPS10, encoding myrcene synthase, is induced by P. rapae feeding, as is the emission of myrcene, which is also induced by JA treatment (Van Poecke 2002; Van Poecke et al. 2001) . Secondly, it has been demonstrated that in cotton, herbivory-induced production of volatiles is the result of de novo production of many of these volatiles (Paré & Tumlinson 1997) . However, induced expression of genes involved in parasitoid-attracting volatiles in Arabidopsis apparently does not require NPR1, as npr1-1 mutants showed normal attraction of C. rubecula (Fig. 3) . Therefore, the JA and SA pathways involved in indirect defence of Arabidopsis against P. rapae are NPR1 independent. Again, such an NPR1-independent defence rapae-infested wild-type and npr1-1 plants. Naive C. rubecula females were given a choice between P. rapae-infested wild-type and undamaged npr1-1 plants, P. rapaeinfested npr1-1 and undamaged npr1-1 plants, and P. rapae-infested wild-type and P. rapae-infested npr1-1 plants. The left part of the figure shows the percentage of wasps that did not land on either of the two odour sources. Asterisks indicate a significant difference within a choice test: ***P < 0.001, **P < 0.01 (binomial test); 'a' indicates no significant difference in the number of wasps that did not land on either of the two odour sources (contingency table test). a a a n = 52 mechanism is not an exception. For example, expression of the defence genes PDF1.2, PR-3 and PR-4 and resistance against the fungal pathogens Alternaria brassicicola and Botrytis cinerea is not affected in the npr1-1 mutant or in transgenic nahG plants but is strongly reduced in the JA signalling mutant coi1-1 (Thomma et al. 1998) . This demonstrates the existence of JA-dependent signalling pathways that are NPR1 independent. The ssi1 mutant constitutively expressed the defence genes PDF1.2, PR-1, PR-2 and PR5 and showed enhanced resistance against Pseudomonas syringae pv tomato. These responses were NPR1 independent as the double mutant ssi1-npr1-5 showed the same responses as the ssi1 single mutant, but were SA-dependent as they were suppressed in ssi1-nahG plants. The latter suppression was relieved by treatment with the SAanalogue BTH (Shah, Kachroo & Klessig 1999) . This demonstrates the existence of SA-dependent, NPR1-independent signalling pathways.
Clearly the signal transduction required for indirect defence against herbivores differs from the signal transduction required for direct defence responses against pathogens such as ISR and SAR. This may not seem surprising, as defences against pathogens and herbivores can be very different. For example, a hypersensitivity response that results in cell death around the place of infection is effective in preventing the spread of pathogens but not against mobile herbivores such as caterpillars (Kessler & Baldwin 2002) . Tobacco plants infested with tobacco mosaic virus (TMV), resulting in increased SA levels, were more susceptible to Manduca sexta caterpillars and transgenic tobacco plants with reduced SA levels were more susceptible to TMV but showed increase resistance against Heliothis virescens caterpillars (Preston et al. 1999; Felton et al. 1999) . This indicates that defence against insects and pathogens can be negatively correlated. In addition, salicylic acid is known to act antagonistically on JA-inducible responses and vice versa (Niki et al. 1998; Felton & Korth 2000; Pieterse, Ton & Van Loon 2001a) . However, JA and SAdependent signalling pathways can also act synergistically. JA-dependent ISR and SA-dependent SAR can act synergistically in the defence against pathogens (Pieterse et al. 2001b) and similarly, both JA and SA are involved in herbivory-induced volatile production (Ozawa et al. 2000; . As JA and SA play key roles in the defences against both insects and pathogens, the signalling pathways in these induced defences overlap. Indeed, defences in tomato induced by P. syringae pv tomato are also effective against Helicoverpa zea caterpillars and vice versa (Stout et al. 1999) . Clearly cross-talk and overlap between defence responses against both insects and pathogens can have synergistic and antagonistic effects, depending on plant, insect and pathogen species (Felton & Korth 2000; Pieterse et al. 2001a; Rostás, Simon & Hilker 2003) . This indicates that signalling mutants downstream of JA and SA potentially affect both defences against insects and pathogens. Indeed, it was recently demonstrated that npr1-1 mutants showed enhanced resistance against the generalist caterpillars Spodoptera littoralis and Trichoplusi ni (Cui et al. 2002; Stotz et al. 2002) . Whether this means that in Arabidopsis direct and indirect defence mechanisms against caterpillars are induced through separate signal transduction pathways, or that generalist caterpillars such as S. littoralis and T. ni and specialists such as P. rapae induce different signal transduction pathways, remains to be investigated. In addition, it will be interesting to see how other signal transduction mutants, such as the coi1 mutants that are more susceptible to pathogen and insect species (Thomma et al. 1998; Xie et al. 1998) , are affected in the attraction of parasitoids.
Other plant hormones are also likely to be involved in indirect defence mechanisms. For example, although resistance against Bradysia impatiens larvae is reduced in the JA-signalling mutant coi1, the production of JA is not necessary for defence against this herbivore. Probably, the JA precursor OPDA plays a key role in this defence (Stintzi et al. 2001 ). In tobacco plants, feeding by M. sexta induces ethylene production that suppresses the accumulation of the defensive compound nicotine, but has no effect on the emission of volatile terpenoids (Kahl et al. 2000) and C6-green leaf volatiles can trigger terpenoid emission in tomato and defence gene expression in Arabidopsis (Bate & Rothstein 1998; . Through which pathways JA and SA influence herbivory-induced volatile production, how these pathways are related to other plant defences such as those against pathogens and which other plant hormones are involved remain intriguing questions. Here we demonstrated that signal transduction mutants of Arabidopsis could provide helpful tools to find the answers.
